The orientation of fluorescent molecules on the surface of an aerosol particle has been determined by using a new technique, morphology-dependent photoselection. The excitation spectrum of the angularly averaged fluorescence from a single levitated particle is measured by using an integrating sphere levitator. By utilizing the relative intensities of resonant peaks in this spectrum and knowledge of the polarization properties of different resonances, we show that the orientation of molecules relative to the surface normal may be obtained.
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In this Letter we report the first determination, to our knowledge, of the orientation of molecules on the surface of a spherical, micrometer-sized particle. The method, referred to as morphology-dependent photoselection (MDPS), is based on photoselection 1 Recently we reported the experimental observation of an enhanced energy transfer between molecular species in liquid particles. transfer further, a probe to the spatial distribution of active molecules is required. The probe is needed to ensure that segregation or aggregation does not occur in the particles and to allow investigation of systems in which the molecules of interest are confined to the surface of the particle. The fluorescence excitation spectrum of a particle provides such a probe.
Fluorescence excitation spectra of fibers were reported by Owen et al. 4 and resonant features in emission spectra from spherical particles by Benner et al., 5 but no attempt has been made (to our knowledge) except the present study to derive specific information about the distribution and the orientation of the fluorescent molecules from the spectra. In what follows we will show that through an understanding of the relative amplitudes of various resonances one can gain information about the homogeneity of absorbers in the particle and that if the active molecules are at the particle surface, the orientation of the molecular absorption moment with respect to the surface normal can be inferred. The work described below involved applying an insoluble, surface-active fluorescent dye to a glycerol sphere, measuring the fluorescence excitation spectrum of the composite particle, and comparing the measurements with model calculations.
A schematic diagram of the experimental apparatus is shown in Fig. 1 . The spherical void electrodynamic levitator (SVEL) [of diameter, 0.5 in. (-1.27 cm)] uses a combination of dynamic and static forces to levitate single particles stably. 6 The electrode configuration was chosen so that once the interior surface is coated with a high diffuse reflector (Kodak product 6080), the SVEL becomes a nearly ideal integrating sphere. The' integration significantly increases the signal level at the detector, and the signal magnitude obtained is proportional to the total cross section for the scattering process (either elastic or inelastic). This is a key advantage of the present study. The total cross section for fluorescence scattering is expected to be proportional to the particle's absorption cross section, and (as we will show) it is the particle's absorption spectrum that enables us to determine the orientation of surface-active molecules. The excitation beam, provided by a tunable cw dye laser, was circularly polarized. Circular polarization was used to eliminate any possible azimuthal bias in the angular integration. The elastically scattered light was collected through a short-pass dielectric filter (DF) (Xpass < 600 nm) by using a telescope with f/6 optics. A polarizer (P) was used to select radiation that was polarized parallel to the scattering plane. For the small acceptance angle used in the experiments the elastic scattering spectrum near 90° is dominated by TM resonances. The integrated fluorescence signal was collected with a 0.318-cm glass light pipe (LP) and detected through a combination of dielectric and colored glass filters (F) with a photomultiplier tube (PMT). Fluorescence excitation and the elastic scattering spectra were recorded simultaneously in order to identify the type of mode (TM or TE) responsible for the resonances seen in the fluorescence excitation spectrum. The molecule has a hydrophilic chromophore (dicarbocyanine head group) and hydrophobic aliphatic chains on either side (two C18 tails). Dil(5) and its homolog Dil(3) (carbocyanine head group) have been used successfully to prepare Langmuir-Blodgett films on water, 7 and therefore Dil(5) is expected to remain on the surface of a polar liquid such as glycerol.
A glycerol particle was produced, charged, and pushed into the SVEL by using the picopipette J 1 as described previously. 8 The pipette J 2 containing a 10-5 M Dil(5) solution in chloroform was then positioned above the SVEL in place of J 1 . Chloroform particles were injected into the SVEL and made to collide with the levitated glycerol particle. The collisions were assisted by making the charge on the chloroform particle opposite and smaller than the charge on the glycerol particle. When a collision occurred, the particle was seen to recoil, and Dil (5) fluorescence was detected. The chloroform evaporated rapidly, leaving a composite Dil(5)-glycerol particle. Figure 2 shows the integrated fluorescence excitation spectrum (upper spectrum) and 90° scattering for a composite particle 5.4 Atm in radius. The elastic scattering spectrum was used to size the particle through a procedure similar to that of Chylek et al. 9 Resonant modes found in the process are characterized by their generic class (TE or TM) and by mode numbers, n, and orders, s (e.g., TEnS). Allowances were made in the fit for a small amount of scattered light polarized perpendicular to the scattering plane (caused by imperfect alignment of the polarizer) and a small change in the particle radius owing to evaporation. The primary thing to note in the excitation spectrum is that the TE resonances are systematically and 90° in-plane polarized elastic scattering (lower curve, labeled Is) of a 5.4,um-radius glycerol particle with a submonolayer coating of the fluorescent dye Dil(5).
more intense than the TM resonances of the same number and order and that both third-order (sharp) and fourth-order (broad) resonances are present. The excitation spectrum was modeled as follows. The angularly integrated fluorescence intensity was assumed to be proportional to the power absorbed by the particle. Since the power absorbed by a single molecule is in proportion to |. -E(r)12, where ,u is the transition moment for absorption and E(r) is the local field, the power absorbed by the entire particle will be proportional to 2; 1 1,ui * E(ri)12, where N is the total number of absorbing molecules. The first step in evaluating this sum is to consider the orientation of a molecule at a particular point r within the particle. For a soluble material in a liquid there will be no preferred orientation, and the angle between the transition moment and the field may be averaged over; in this bulk-random case the absorption spectrum will be in proportion to the volume average of OE(c, ri)12, (IE(w, r)l2) 0 . In the case of absorbers confined spatially to the surface, there are two major possibilities: the molecules may be randomly oriented with respect to the surface normal, or they may take a specific orientation. In the surface-random case the molecular orientation at any particular position on the surface may once again be averaged out as in the bulkrandom case, and the absorption spectrum will be in proportion to the surface average of the square modulus of the field at the surface, (IE(w, r = a)l2X 0 . Finally, in the case of molecules that are orientated preferentially so that their absorption moments are at an angle 0 9m relative to the surface normal, one may average only over the orientation of the projection of the absorption moment in the plane of the surface. In this case the absorption spectrum will follow 2 (w, r = a) + E0, 2 (co, r = a) and the factor of 1/2 in the second term expresses the fact that the in-plane component of the absorption moment is equally likely to lie along a meridian or a parallel of the sphere. In the surface-oriented, surface-random, and bulk-random cases, the local fields were calculated from Mie theory. 1 0 One gains an appreciation for the photoselection idea in examining Eq. (1) for a particular case. Since only TM modes have radial fields, a molecule with a radial absorption moment (0Gm = 0) cannot be excited by a TE mode, and thus all TE resonances would be absent in an absorption spectrum, although the TM resonances would be strong.
In the analysis of the data in Fig. 2 , computations of the frequency dependences of (IE(co, r)12)v, (IE(w, r = a)12)s, and Eq. (1) were made by using the particle radius (5.44,um) and refractive index (1.470) obtained from the elastic scattering spectrum and incorporating the laser linewidth reported by the manufacturer (0.025 nm). Calculations of the resonant peak height (peak height above the nonresonant background) were performed for the resonances TE 6 Om deg) Fig. 3 . Plots of the theoretical fluorescence ratios TE 6 The two points with error bars show the experimentally observed ratios for the data shown in Fig. 3 . Insert: Dil (5) orientation as determined by MDPS.
and averaging 10 points around the peak of interest.
The loss that was due to the absorbers was included by using an effective bulk imaginary part of the refractive index (K). The K value was determined by forcing the calculated peak height ratio TE 6 8,3/TE 6 4 ;4 to match the data. The ratios TE 6 8 , 3 /TM 6 8, 3 and TE 6 4 , 4 /TM 6 4 , 4 were then used to decide whether the model calculations agreed with the experimental results.
The bulk-random case gave values for the peak height ratios TE 6 8 , 3 /TM 6 8, 3 that were close to unity, in sharp disagreement with the data. The TE 68 , 3 /TE 6 4 , 4 -ratio was found to be quite sensitive to the K value used in the calculations, whereas the TE 6 8 , 3 /TM 6 3 , 3 and TE 6 4 , 4 /TM 64 , 4 ratios were found to be quite insensitive. Supplementary experiments with the highly soluble dye Sulforhodamine 101 yielded excitation spectra whose peak ratios were easily fitted by using the bulk-random model. This led us to conclude that the Dil(5) molecules are not homogeneously distributed in the particle bulk.
In the surface-random case the TE 6 Calculations were then performed for the surface-oriented case. Expressions for the intensity ratios for a particular mode pair are easily obtained from Eq. (1); for example, the molecular orientation, 0 m, and the results of these computations are presented in Fig. 3 . The two points with error bars indicate the measured ratios from Fig.   2 . The TE 6 The experimental results for the Dil(5)-glycerol system are consistent with a model system in which the absorption moments make an angle of 66 ± 2° with the surface normal (24 i 2° from the surface).
Studies with the homolog Dil(3) have shown that its emission moment is parallel to the conjugated bridge of the molecule and that the absorption moment makes an angle of approximately 28° with the emission moment." 1 Direct comparison of fluorescence depolarization by Dil(3) and Dil(5) at our laboratory indicates that the angle between the emission and absorption moments in the two homologs is the same to within a few degrees. Therefore the angle with the tangent determined from MDPS, 24 ± 20, indicates that the conjugated bridge lies approximately in the surface plane (Fig. 3) , as one might expect from simple solubility considerations. Thus it appears that MDPS is a realistic means for arriving at the orientation of molecules on the surface of a microparticle for those cases in which one knows the orientation of electronic transition moments relative to the molecule.
